Cholesterol-rich regions are attractive targets for studying metabolic disorders that involve accumulation of cholesterol. Despite efforts to develop probes for labelling cholesterol-rich regions in cells, few of these reagents have a low molecular weight. Previous studies have shown that the acidotropic pH indicator, N-{3-[(2,4-dinitrophenyl)amino]propyl}-N-(3-aminopropyl)methylamine dihydrochloride (DAMP), reacts with cholesterol-rich organelles, such as endocrine secretary granules from endocrine cells. In this study, we demonstrated that DAMP could react with free cholesterol in a dose-dependent manner, and DAMP was able to detect cholesterol-rich subcellular organelles. DAMP was sufficiently potent to detect free cholesterol-enriched organs, but was unable to detect atherosclerotic plaques primarily composed of esterified cholesterol. Taken together, these results demonstrate that DAMP facilitates the study of cholesterol-enriched lipid rafts and disorders which involve cholesterol accumulation.
Introduction
Cholesterol plays a significant role as a structural and functional component which is important for the maintenance of lipid bilayers from plasma and subcellular organelle membranes, the formation of lipid rafts, and as a precursor molecule for the synthesis of bile acids and steroid hormones [1] . Cholesterol-enriched lipid rafts are characterized as lateral assemblies of glycosphingolipids and cholesterol that form liquid-ordered membrane phases with detergent-resistant structures [2] . In the case of membrane proteins, such as receptors, transporters, or iron channels, researchers often try to determine whether or not candidate proteins are cholesterol-rich. In addition, cholesterol-enriched domains are highly expressed in tumor cells, which are targets for cancer prevention and therapy [3] . Therefore, cholesterol-rich regions have become attractive targets for studying certain disorders that involve cholesterol accumulation.
Although the interest in the functions of cholesterol and demands for cholesterol analyses have been rapidly increasing, few probes have been used to directly detect and monitor cholesterol in rafts [4] . Filipin is a reagent currently used for cytochemical staining of cholesterol in fixed cells. However, filipin permeates the cell membrane and binds indiscriminately to cellular cholesterol [4] . Cholesterol-binding antibiotics have been developed to detect cholesterol-rich regions in disorders of cholesterol accumulation. Monoclonal antibodies against cholesterol were first reported by Swartz et al. [5] . The monoclonal antibodies were prepared by injecting liposomes with a high concentration of cholesterol (71 mol%) into mice [5] . Since then, similar antibodies have also been reported [6] . Recently, polyclonal antibodies against cholesterol have become commercially available. Biro et al. [7] reported that monoclonal anti-cholesterol antibody colocalized with markers of the cholesterol-rich lipid rafts and caveolae on the cell surface, and with markers of the endoplasmic reticulum and Golgi complex intracellularly; however, antibody-based probes are not optimal for clinical diagnosis due to slow pharmacokinetics, which may result in long periods between probe injection and image acquisition, while the immunogenicity may cause difficulties in using these probes in humans. Therefore, the smaller molecular weight probes would be effective for imaging cholesterol-enriched microdomain in cells from humans and animals.
In our previous study, we demonstrated that an acidotropic pH indicator probe, N-{3-[(2,4-Dinitrophenyl)amino]propyl}-N-(3-aminopropyl)methylamine dihydrochloride (DAMP), could be used to detect cholesterol-rich organelles, such as endocrine secretory granules (SGs) in endocrine cells [7] . DAMP has been used to determine the pH of acidic compartments, such as lysosomes and SGs, under electron microscopy [8] . When DAMP moves into acidic compartments, it is protonated and cannot cross the lipid bilayer membranes, thus resulting in entrapment in the acidic compartments. In the pancreatic β-cell line MIN6, DAMP was shown to localize in SGs [9] , and SG membranes were reported to be rich in cholesterol [10] .
In this study, we further examined the selectivity and specificity of DAMP in binding cholesterol and cholesterol analogs. In addition, we also investigated the detection of cholesterol-rich subcellular organelles with DAMP, and characterized the specific reaction to detect the distribution of cholesterol in cholesterol-rich organs of animals. Our findings suggest that DAMP could specifically bind to cholesterol. We emphasize the importance of DAMP for studying cholesterol-rich lipid rafts in living cells and organs, such as endocrine glands and the brain. Most importantly, DAMP is a small molecule that is easy to conjugate with fluorescent dyes, which may serve as an excellent probe for targeting cholesterol in animal studies.
Materials and Methods

Chemicals
DAMP was purchased from Molecular Probes (Eugene, USA). Rabbit anti-bovine serum albumin (BSA) polyclonal antibody was obtained from Experimental Immunology Unit (Université Catholique de Louvain, Brussels, Belgium). Rabbit anti-DNP-BSA polyclonal antibody, anti-insulin antibody, and the acyl-coenzyme A-cholesterol acyltransferase (ACAT) inhibitor Sandoz 58-035 were obtained from Sigma (St Louis, USA). Cholesterol and the V-ATPase inhibitor, bafilomycin A1, were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, USA). Anti-perilipin antibody was purchased from Alexis Corporation (Farmingdale, USA).
Animals
Six-week-old healthy C57Bl/6 mice (three males and three females) were used to study the distribution of DAMP in cholesterol-rich tissues from normal organs. To study the distribution of DAMP in cholesterol ester-enriched regions in pathologic models, we obtained 6-week-old apolipoprotein E (ApoE)-/-mice [11] (three males and three females) and their C57Bl/6 wild type (WT) controls (three males and three females) from Drs. Shun Ishibashi and Toshitaka Inaba (Department of Internal Medicine, Jichi Medical School, Tochigi, Japan). To establish the atherosclerotic plaque model, ApoE-/-mice were fed with a highcholesterol diet for 12 weeks ad libitum [12] . 
Cell culture
Mouse macrophage cells (RAW264.7) were cultured in RPMI 1640 medium (Gibco, New York, USA) supplemented with 10% fetal bovine serum (FBS). Mouse pancreatic cells (MIN6) were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, USA) containing 25 mM glucose with 15% FBS and 100 µM 2-mercaptoethanol (β-ME). Cells were cultured in a water-jacketed incubator (5% CO 2 ). In the RAW 264.7 cell culture, the ACAT inhibitor, Sandoz 58-035, was used at a final concentration of 400 ng/ml. In the MIN6 cell culture, the V-ATPase inhibitor, bafilomycin A1, was added at a final concentration of 1 µM.
Dot blotting assay
Cholesterol and other lipids were blotted onto polyvinylidene fluoride microporous (PVDF) membranes (Millipore, Bedford, USA), then incubated with 60 µM DAMP for 30 min. The blots were screened with antibody against DNP (1 : 1000) using an enhanced chemiluminescent detection reagent (Amersham Biosciences, Piscataway, USA).
Immunostaining assay
Immunostaining assay was performed as described previously [7] . For the primary immunoreaction, guinea pig anti-porcine insulin antibody was used (Sigma). Antibody against perilipin (1 : 1000) was used to detect lipid droplets. For DAMP immunostaining, the cells were incubated with 60 µM DAMP for 4 h. Then the cells were fixed with formaldehyde, washed, permeabilized with 0.05% Triton X-100 (5 min), and treated with rabbit polyclonal antibody against DNP (1 : 1000) in the similar manner as in the fluorescent experiments. The cells were incubated with primary antibodies followed by AlexaTM488-conjugated species-specific anti-IgG secondary antibody (Molecular Probes, Eugene, USA), or rhodamine RedTM-conjugated speciesspecific anti-IgG secondary antibody (Jackson ImmunoResearch, West Grove, USA). Double immunofluorescence was detected using an Olympus BX51 microscope (Tokyo, Japan).
Detection of cholesterol-rich areas in normal tissues and atherosclerotic plaques in animal models
In the healthy tissues study, C57Bl/6 mice were sacrificed, and organs (brain, liver, pituitary, testis, pancreas, stomach, and the intestine) were removed for histologic studies. In the atherosclerotic plaque animal models, both ApoE-/-mice and C57Bl/6 negative control mice were sacrificed, and the arch and thoracic portions of the aorta were removed for histologic studies. Tissues were quickly removed and fixed with 4% paraformaldehyde/0.1 M phosphate buffer. After fixation, tissues were immersed in sucrose solution with consecutively increasing concentrations for 48 h at 4°C. Tissue samples were Figure 5 . Detection of cholesterol in the lipid droplets of RAW macrophages by DAMP (A) Cholesterol was detected by DAMP. Lipid droplets were identified by anti-perilipin antibody. The ACAT inhibitor, Sandoz 58-035, was used to block ACAT activity, which targets the formation of cholesterol ester (CE). (B) Selectivity of DAMP to cholesteryl esters. Cholesterol and CEs (cholesteryl palmitate, cholesteryl stearate, and cholesteryl oleate) were blotted on PVDF membranes in a dose-dependent manner as indicated. The membranes were incubated with 60 μM DAMP, followed by incubation with rabbit anti-DNP antibody (1 : 1000) (×400).
embedded in Tissue-Tek O.C.T. compound mounting medium (Sakura Finetek, Torrance, USA), frozen in liquid nitrogen, and cryostat-sectioned (5 µm) using Jung CM3000 (Leica, Wetzlar, Germany). Histologic sections from cryostat blocks were stained with hematoxylin and eosin (H&E). For immunostaining, cryostat specimens were incubated with 60 µM DAMP for 4 h, and immunoblotted with anti-DNP (1 : 200) as the primary antibody. A second immunoreaction was performed with the labelled Streptavidin-Biotin2 System with horseradish peroxidase (LSAB2 System; Dako, Glostrup, Denmark).
Results
Detection of DAMP with anti-DNP antibody
When we evaluated the incorporation of the acidotropic probe, DAMP, into the SGs of endocrine cells with anti-DNP antibodies, we expected that DAMP would be detected by anti-DNP or anti-cholesterol antibodies. DAMP can be stained by anti-DNP antibody because DAMP has a 3, 3′-diamino-N-methyldipropylamine DNP moiety at one end (Fig. 1A) [8] . DAMP was dotted onto PVDF membranes at doses of 0, 0.02, 0.2, and 2 μg. Anti-DNP antibody recognized DAMP weakly at 0.2 μg, and strongly at 2.0 μg, and this reaction was antagonized by an excess amount of free DAMP (100 μg/ml) in the reaction mixture (Fig. 1B) .
Sensitive cholesterol assay with DAMP
Next, we dotted increasing doses of cholesterol (0-20 µg) onto a PVDF membrane. Our data showed that the cholesterol reacted with DAMP, and the interaction was in a dose-dependent manner (Fig. 2) .
Specificity of DAMP in recognizing cholesterol and other lipids
A high composition of cholesterol was detected in the lipid rafts of membranes that are highly concentrated in cholesterol and glycosphingolipids. To distinguish the binding between DAMP and phospholipids or cholesterol, we spotted cholesterol and other lipids (20 μg each), including phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and sphingomyelin, onto PVDF membranes for the DAMP reaction. DAMP could react with cholesterol, but not with the other lipids (Fig. 3) . Furthermore, the reactivity between DAMP and cholesterol was independent of a hapten carrier, such as BSA (Fig. 3) . Thus, DAMP has a special ability to react with cholesterol.
Selectivity of DAMP for cholesterol metabolites
The selectivity of DAMP was examined for the following cholesterol metabolites (20 μg each): lanosterol, desmosterol, cholic acid, deoxycholic acid, 25-hydroxycholesterol, pregnenolone, 17-hydroxypregnenolone, progesterone, and 17-hydroxyprogesterone. Both antibodies reacted with cholesterol metabolites in a similar manner. The reaction was positive for desmosterol, 25-hydroxycholesterol, and pregnenolone, but not for lanosterol, cholic acid, deoxycholic acid, 17-hydroxypregnenolone, progesterone, and 17-hydroxyprogesterone (Fig. 4) . Notably, chemicals that react with DAMP share the same core structure of pregnenolone.
Using anti-DNP antibody to detect high-cholesterol regions in macrophages
In the early stage of atherosclerosis, macrophages penetrate into the intima, efficiently uptake modified low-density lipoprotein (LDL), store cholesterol and fatty acid as the respective forms of cholesteryl ester (CE) and triacylglycerol in cytosolic lipid droplets, and are converted to foam cells, thus initiating the development of atherosclerosis in the arterial wall [13] . The conversion of cholesterol to CEs is catalyzed by the enzyme, acyl-coenzyme A ACAT [14] . Because DAMP is able to recognize intracellular cholesterol-rich regions, we try to measure whether DAMP could be used to detect excessive CEs in lipid droplets. The results showed that DAMP had a different distribution pattern in lipid droplets of the rat macrophage cell line, RAW264.7, which was identified with perilipin, a protein found in lipid droplets (Fig. 5A, upper panel) . The perilipins are highly phosphorylated adipocyte proteins that are localized on the surface of lipid droplets [15] . When RAW 264.7 cells were incubated with the ACAT inhibitor, Sandoz 58-035, cholesterol was changed, but when labeled with DAMP, the lipid droplets exhibited minimal change (Fig. 5A, upper panel) . These results were further confirmed by dot blotting experiments with CEs (cholesteryl palmitate, cholesteryl stearate, and cholesteryl oleate) using cholesterol as a positive control (Fig. 5B) . The data demonstrated that DAMP reacted with cholesterol, while it did not react with CEs.
Detecting insulin granules in MIN6 cells
Previously, we reported that the cholesterol composition in endocrine SGs ranges from 37 mol% to 45 mol% compared with 20 mol% to 30 mol% in the plasma membrane which had previously been thought to be the cellular organelle with the highest cholesterol composition [8] . We presumed that this high cholesterol composition can be detected with DAMP. Indeed, DAMP stained MIN6 cells in a punctate fashion, similar to anti-insulin antibodies (Fig. 6, upper panel) , because cholesterol is reportedly abundant in endocrine SG membranes [16] . We then incubated MIN6 cells with the V-ATPase inhibitor, bafilomycin A1, which blocks DAMP incorporation into SGs [8] . Bafilomycin A1-treated MIN6 cells stained less intensively than the control MIN6 cells (Fig. 6, lower panel) . The decrease in the staining appears to account for the incorporated DAMP, and the rest of the staining may represent the high levels of cholesterol composition in the SG membranes. Thus, DAMP molecules are able to detect cholesterol-rich regions.
It is possible to detect cholesterol-rich areas in normal tissues and atherosclerotic plaques in the brains from animal models in most cholesterol-rich organs [17] . Cholesterol has also been reported to be abundant in endocrine SG membranes [8] . DAMP was shown to detect free cholesterol-enriched organs in normal tissues (Fig. 7) . DAMP immunofluorescence staining was performed to evaluate atherosclerotic lesions in the aortic arch and the thoracic portion of the aorta in apoE-/-mice after 12 weeks of high-cholesterol diet. H&E analyses showed that the stained aortic arch sections from ApoE-/-mice maintained on a high-fat diet for 12 weeks had increased intima-to-media ratios when compared with that from WT mice (Fig. 8) ; however, DAMP immunostaining revealed that neither the intima nor the media were stained.
Discussion
Lipid rafts are low-density, detergent-resistant domains of the plasma membrane that are enriched in cholesterol and glycosphingolipids [18] . Cholesterol-rich lipid rafts have been implicated in many types of physiological and pathological processes, including cell survival, proliferation, and migration. Additionally, cholesterol accumulation has been reported in solid tumors [3, [19] [20] ; therefore, appropriate cholesterol-targeting probes could be of high therapeutic value to determine the pathophysiological cholesterol accumulation in a diverse group of diseases [3] . To date, few probes have been produced to analyze cholesterol behavior in real time, especially cholesterol movement in rafts [4] . We previously demonstrated that the acidotropic pH indicator, DAMP, could react with cholesterol-rich organelles, such as endocrine SGs from endocrine cells [8] . In this study, results from dot blotting revealed that DAMP directly bound free cholesterol and cholesterol metabolites with the core structure of pregnenolone in a dose-dependent manner. We also examined the applicability of DAMP to localize cholesterol-rich subcellular organelles in macrophage RAW264.7 cells and endocrine MIN6 cells. Furthermore, we characterized the ability of DAMP to detect cholesterol-enriched organs and revealed the limited potential in detecting atherosclerosis plaques that were rich in esterified cholesterol.
We examined the selectivity of DAMP toward the following cholesterol metabolites (20 μg each): lanosterol, desmosterol, cholic acid, deoxycholic acid, 25-hydroxycholesterol, pregnenolone, 17-hydroxypregnenolone, progesterone, and 17-hydroxyprogesterone. The reaction was positive for desmosterol, 25-hydroxycholesterol, and pregnenolone, but not for lanosterol, cholic acid, deoxycholic acid, 17-hydroxypregnenolone, progesterone, and 17-hydroxyprogesterone. We observed that chemicals that react with DAMP shared the same core structure as pregnenolone. The reaction was largely affected by modification, such as oxidation, in the pregnenolone core structure; however, other structural modifications, such as hydroxylation at the side chain, had negligible effects on the reactivity. Moreover, the high binding affinity of DAMP to cholesterol could also be of high potential therapeutic value to investigate the pathophysiological cholesterol accumulation in diverse diseases.
It has been suggested that DAMP recognizes high cholesterol composition membranes, such as SG membranes from endocrine cells. Macrophages are known to take up cholesterol and CE-rich LDL by endocytosis via LDL receptors on the plasma membrane. CE is hydrolyzed into free cholesterol in the lysosome, and free cholesterol is transferred to the endoplasmic reticulum, perhaps via the Niemann Pick C, a protein for the redistribution of cholesterol. Interestingly, DAMP does not recognize free cholesterol in lipid droplets, which contain high levels of CE. Although DAPM might not be a useful probe for detecting CE-enriched regions, such as atherosclerosis plaques, we are emphasizing the use of DAMP for studying the intracellular traffic of cholesterol in cholesterol-enriched lipid rafts.
Upon staining sections of normal organs from mice, high concentrations of cholesterol are found in the brain, pancreatic islets, testis, and anterior pituitary. Indeed, it has been reported that the brain is the most cholesterol-rich organ, containing ∼25% of the cholesterol present in the body [21] . In addition, the dense-core SGs in endocrine cells are key organelles for the secretion of hormones and neuropeptides in endocrine cells and neurons, in response to stimulation. The hormones produced from cholesterol include androgens, estrogens, and the glucocorticoids and mineralocorticoids. The anterior lobe forms the bulk of the pituitary, and consists of glandular tissue that produces hormones. The posterior pituitary is part of the brain, and is derived from hypothalamic tissue. The posterior pituitary does not synthesize hormones, but stores and releases hormones produced by the hypothalamus. This fact may explain why the posterior pituitary has low Figure 8 . Detection of atherosclerotic plaque in apoE-/-mice H&E Staining and DAMP immunostaining of atherosclerotic plaque in apoE-/-mice. Both ApoE-/-mice and C57Bl/6 negative control mice were sacrificed. Arch and thoracic portions of the aorta were removed for histologic investigation. Tissues were quickly removed and OCT frozen sections were made. Tissue samples were stained with H&E (left) and DAMP immunochemistry staining (right) (×40).
level of cholesterol, as indicated by DAMP staining. Cholesterol biosynthesis in the liver and intestines accounts for ∼10% and 15% of total cholesterol synthesis, respectively. Although DAMP is stained in the intestines, little staining is found in the liver. This finding is consistent with the fact that most ingested cholesterol is esterified into fatty acids, which are undetectable by DAMP, and some of the cholesterol is converted into bile.
In conclusion, our study demonstrated the potential of using DAMP to study cholesterol-enriched lipid rafts and cholesterolenriched organs. Future work will involve the conjugation of fluorescent dyes onto DAMP to synthesize a probe which can be used to visualize cholesterol in animal models with cholesterol-accumulation diseases. It was found that DAMP was capable of labeling free cholesterol in cells, as well as in cholesterol-enriched organ and tissues. In contrast, no evidence of DAMP labeling was found in CEs based dot blotting, fluorescent imaging in macrophage cells, and sectioning of atherosclerotic lesions. Although DAMP might not be a useful probe for detecting CE-enriched regions, such as atherosclerosis plaques, it is useful for studying the intracellular traffic of cholesterol in cholesterol-enriched lipid rafts.
